Sato K, Oue A, Yoneya M, Sadamoto T, Ogoh S. Heat stress redistributes blood flow in arteries of the brain during dynamic exercise. J Appl Physiol 120: 766 -773, 2016. First published February 4, 2016 doi:10.1152/japplphysiol.00353.2015.-We hypothesized that heat stress would decrease anterior and posterior cerebral blood flow (CBF) during exercise, and the reduction in anterior CBF would be partly associated with large increase in extracranial blood flow (BF). Nine subjects performed 40 min of semirecumbent cycling at 60% of the peak oxygen uptake in hot (35°C; Heat) and thermoneutral environments (25°C; Control). We evaluated BF and conductance (COND) in the external carotid artery (ECA), internal carotid artery (ICA), and vertebral artery (VA) using ultrasonography. During the Heat condition, ICA and VA BF were significantly increased 10 min after the start of exercise (P Ͻ 0.05) and thereafter gradually decreased. ICA COND was significantly decreased (P Ͻ 0.05), whereas VA COND remained unchanged throughout Heat. Compared with the Control, either BF or COND of ICA and VA at the end of Heat tended to be lower, but not significantly. In contrast, ECA BF and COND at the end of Heat were both higher than levels in the Control condition (P Ͻ 0.01). During Heat, a reduction in ICA BF appears to be associated with a decline in end-tidal CO 2 tension (r ϭ 0.84), whereas VA BF appears to be affected by a change in cardiac output (r ϭ 0.87). In addition, a change in ECA BF during Heat was negatively correlated with a change in ICA BF (r ϭ Ϫ0.75). Heat stress resulted in modification of the vascular response of head and brain arteries to exercise, which resulted in an alteration in the distribution of cardiac output. Moreover, a hyperthermia-induced increase in extracranial BF might compromise anterior CBF during exercise with heat stress. 
DEVELOPMENT OF HYPERTHERMIA DURING exercise in a hot environment limits an individual's ability to perform prolonged exercise (4, 7, 10, 12, 19, 20) . Dynamic exercise can elevate the core temperature rapidly, and a high internal body temperature impairs the ability to maintain muscle activation in hot environments (4, 7, 10, 12, 19, 20) . In addition, this impairment is associated with a reduction in central nervous drive to the working muscles (i.e., central fatigue) (11, 12, 14, 15, 19, 20, 33) . However, the mechanisms of central fatigue during exercise in heat are not fully understood (12, 19, 20, 33) .
Although dynamic heavy exercise with heat stress decreases cerebral blood flow (CBF) largely via the hyperventilationinduced lowering of arterial carbon dioxide tension (Pa CO 2 ) (16 -18, 25, 36) , the cerebral metabolic rate of oxygen consumption is maintained or increased (17, 33, 36) . These findings indicate that cerebral metabolism is not decreased despite a reduction in CBF (17, 33, 36) . However, those previous studies measured the middle cerebral artery mean blood velocity (MCA V mean ) and the internal carotid artery (ICA) blood flow (BF) as an index of global CBF (16 -18, 25, 36) . Therefore, it is unknown whether all or only some of the brain areas, especially the posterior cerebral portion, also have a lower perfusion and metabolism during exercise with hyperthermia.
Anatomically, four arteries lead to the head and brain in humans: the right and left common carotid arteries (CCA) and the vertebral arteries (VA). In addition, the CCA branch into the external carotid artery (ECA) and ICA at the carotid bifurcation. In assessing the cerebral vascular response to dynamic exercise, we previously demonstrated that VA BF (i.e., posterior CBF) continuously increased during incremental exercise workload despite a decrease in ICA BF at heavy intensity (30, 31) . These different BF responses between the ICA and VA are probably mediated by the regional difference in metabolic demand (2) and CO 2 reactivity (32, 38) . During heavy dynamic exercise, we also demonstrated that the large increase in ECA BF for thermoregulation is negatively correlated with ICA BF, suggesting that BF is redistributed from cerebral to extracranial circulation (31) . The exercise in our previous studies was performed in a thermoneutral condition. The data from exercise while enduring heat stress could have strengthened this finding. Previous studies reported that an environmental heat stress changes the response of brain metabolism (17, 33, 36) , cutaneous circulation, and cardiac output (CO) to exercise (5, 6, 8, (27) (28) (29) . Therefore, it is possible that heat stress would modify the BF responses between head, anterior, and posterior cerebral conduit arteries during exercise. However, the effect of combination of exercise and environmental heat stress on ICA, VA, and ECA BF remains unknown.
Under these backgrounds, we hypothesized that heat stress would result in decreases in ICA and VA BF during exercise, and that the reduction in ICA BF would be partly associated with a redistribution of BF from cerebral to extracranial locations. To test our hypothesis, we assessed the BF distribution at head and brain arteries (ICA, VA, ECA, and CCA) by using ultrasonography during dynamic exercise with and without heat stress.
METHODS

Subjects.
Nine men (mean Ϯ SD: age, 21.4 Ϯ 3.1 yr, height, 173.4 Ϯ 4.0 cm; weight, 69.6 Ϯ 5.6 kg, and peak oxygen uptake [V O2peak], 55.1 Ϯ 6.9 ml·kg Ϫ1 ·min Ϫ1 ) participated. All subjects were associated with the sports department of the university. Subjects were normotensive; free from overt cardiovascular, pulmonary, metabolic, and neurological diseases; nonsmokers; and not taking any medications. Written informed consent was obtained in accordance with the Ethics Committee of the Japan Women's College of Physical Education. The study was conducted in accordance with the principles of the Declaration of Helsinki.
Peak oxygen uptake measurement. V O2peak was measured at least 1 wk before the main experiment using an incremental protocol while the subjects were seated on a cycle ergometer (Aerobike 800; Combi, Tokyo, Japan). Subjects were exposed to an initial work rate of 60 W at a pedal rate of 60 revolutions/min. They were instructed to maintain the frequency of pedaling, and the work rate was increased 15 W every minute until they reached volitional exhaustion. Subjects breathed into a mask that covered their mouth and nose. A mass-flow sensor (a hot-wire type) and gas-sampling tube were connected to the mask, and the expired volume and gases were analyzed using an electric gas flow meter and analyzer (AE300S; Minato Medical Science, Tokyo, Japan). The maximum V O2 over a 60-s interval was recorded as V O2peak. V O2peak was measured in an environmental chamber maintained at 25°C with 40% relative humidity.
Main experimental protocols. Subjects were instructed to abstain from strenuous exercise, alcohol, and caffeine for 24 h before the main experimental protocol. They also were directed to eat regular light meals until 2 h before the experiment, but were given no instructions regarding food content or amount. After resting for ϳ15 min by sitting in a chair, a thermocouple was inserted rectally to measure the body core temperature (T c). Subjects then voided urine and were then weighed and entered the environmental chamber, which was maintained at 25°C (Control) or 35°C (Heat). Subjects sat on a semirecumbent cycle ergometer (EC-3700; Cateye, Osaka, Japan) to rest for 60 min. During this time, the following instruments were attached to each subject: heart rate (HR) monitor, electrodes for electrocardiography, thermocouples for measuring forehead skin temperature (T sk), brachial cuff for measuring arterial blood pressure, transcranial Doppler (TCD) flow probe for measuring MCA Vmean, laser-Doppler flow probes for measuring forehead skin blood flow (SBF), and a mouthpiece for analyzing respiratory variables. After instrumentation and sufficient acclimatization to the environmental temperature, a 10-min baseline measurement was acquired. In the acclimatization period, subjects were permitted fluid consumption to avoid dehydration, and they drank 200 ml of water or less during this period. We confirmed that each subject's pre-experiment body mass did not differ between the conditions (Heat 69.7 Ϯ 5.7 kg; Control 69.8 Ϯ 5.8 kg).
Next, subjects performed a semisupine cycle exercise at 60% V O2peak (pedal rate of ϳ60 revolutions/min) in two conditions in the environmental chamber: exercise with heat stress and normothermic control trials. In the Heat condition, subjects cycled at 35°C with 40% relative humidity for 40 min; in the Control condition, subjects exercised at 25°C with 40% relative humidity for 40 min. To avoid body and neck movement during dynamic exercise, the upper body was restrained using shoulder straps, and a waist belt was attached to the cycle frame. The head and neck were also held in position using a padded headrest. No fluid consumption was permitted during exercise with and without heat stress.
To obtain all the required brain BF measurements in ICA, VA, ECA, and CCA, all subjects performed each exercise trial twice for a total of four main experiments. During each experiment, the left ICA and right VA BF or left CCA and right ECA BF were measured simultaneously by two technicians using two ultrasonographs. To eliminate the influence of measurement order on the conditions and ultrasound BF measurements, the experiments were performed randomly at the same time each day, separated by at least 5 days. Indeed, five of the nine subjects began with the Heat condition, and ICA and VA BF were measured first in three of them. Four subjects began with the Control condition, and ECA and CCA BF were measured first in two of them.
BF measurements. The left ICA and right ECA BF were measured ϳ1.5 cm distal to the carotid bifurcation by ultrasonography using a linear transducer at 10.0 and 12.0 MHz, respectively (Vivid-e for the ICA and Vivid-i for the ECA; GE Healthcare, Tokyo, Japan). The right VA BF was measured between the transverse process of the C4 vertebra and subclavian artery using a 12.0-MHz linear transducer (Vivid-I; GE Healthcare). The left CCA BF was measured ϳ1.5 cm proximal from the carotid bifurcation by duplex ultrasonography using a 10.0-MHz linear transducer (Vivid-e; GE Healthcare).
For BF measurements, the brightness mode was first used to measure the vessel diameter in a longitudinal section. The Doppler velocity spectrum was subsequently identified in the pulsed wave mode. Systolic and diastolic diameters were measured, and the mean diameter (cm) was calculated as follows: mean diameter ϭ (systolic diameter ϫ 1 Ϭ 3) ϩ (diastolic diameter ϫ 2 Ϭ 3). The time-averaged mean flow velocity obtained in the pulsed wave mode was defined as the mean BF velocity (cm/s), which was measured by tracing the average flow rate for each time phase. The BF velocity measurements were averaged across ϳ15 s to account for oscillatory effects due to respiration. When recording BF velocity measurements, care was taken to ensure that the probe position was stable, the insonation angle did not vary (60°), and the sample volume was positioned in the center of the vessel and adjusted to cover the vessel diameter. The mean BF velocity was calculated on the basis of velocity waveforms traced automatically by off-line analysis of the ultrasonography data.
We averaged the data from the four time periods of BF velocity and diameter (i.e., the baseline and at every 5 min during exercise). These averaged values for BF velocity and mean diameter were used to calculate representative BF. The representative BF was calculated by multiplying the cross-sectional area [ ϫ (mean diameter Ϭ 2) 2 ] by the mean BF velocity as follows: representative BF ϭ mean BF velocity ϫ area ϫ 60 (ml/min). In the pilot study, we conducted a test-retest experiment to confirm the reproducibility of the CBF measurements at normothermic baseline and during moderate exercise (60% V O2peak), and the coefficient of variation was as follows (mean Ϯ SD): ECA BF, 5.1 Ϯ 1.0% at rest and 5.5 Ϯ 1.2% during moderate exercise; ICA, 5.1 Ϯ 1.0% at rest and 5.3 Ϯ 0.7% during moderate exercise; CCA, 4.5 Ϯ 0.9% at rest and 4.9 Ϯ 1.0% during moderate exercise; and VA, 5.1 Ϯ 0.9% at rest and 6.2 Ϯ 0.6% during moderate exercise (31) .
The left MCA Vmean was measured using a transcranial Doppler system (WAKI; Atys Medical, St. Genis-Laval, France). A 2-MHz Doppler probe was adjusted to cover the temporal window of the left MCA until an optimal signal was identified (depth, 40 -60 mm). The probe was then fixed and held in place using a headband strap.
Cardiorespiratory measurements. HR was monitored continuously using three-lead electrocardiography (Radercirc; Dainippon Sumitomo Pharmacology, Tokyo, Japan). Systolic and diastolic arterial pressures were measured using a cuff sphygmomanometer (Radercirc; Dainippon Sumitomo Pharmacology), and mean arterial pressure (MAP) was calculated as [(2 ϫ diastolic pressure) ϩ systolic pressure] Ϭ 3. In addition, the beat-by-beat blood pressure was acquired using finger photoplethysmography from the middle or index finger of the left hand (Finometer; Finapres Medical Systems BV, Amsterdam, The Netherlands). Stroke volume (SV) and CO were determined from the blood pressure waveform using the model-flow method, which uses subjects' sex, age, height, and weight (Beat Scope 1.1; Finapres Medical Systems, Amsterdam, Netherlands). This method provides a reliable estimate of the changes in SV and CO in healthy humans from rest to submaximal exercise (9, 35) . However, a previous study (34) showed that the model-flow method underestimates changes in CO during passive heating and during lower body negative pressure. Because validation of the model-flow calculated absolute CO during exercise with heat stress is unclear, we used the relative changes (%) in CO. We calculated coefficients of variation in preliminary experiments to provide the reproducibility of CO during exercise. The calculated coefficients of variation were 3.6 Ϯ 2.0% and 4.4 Ϯ 2.9% at the end of exercise without and with heat stress, respectively. SBF at the forehead was measured using laser-Doppler flowmetry with an integrating flow probe (ALF21; Advance, Tokyo, Japan). Forehead cutaneous vascular conductance (CVC) was indexed from the ratio of SBF to MAP. Respiratory variables were determined as described for V O2peak, and minute expired ventilation (V E) and end-tidal partial pressure of carbon dioxide (PETCO 2 ) were measured.
Data processing and statistical analysis. Thermal, cardiorespiratory, and BF data were measured continuously at baseline (averaged for 1 min between the 8th and 9th minutes) and during exercise (averaged for 1 min between the 9th and 10th, 14th and 15th, 19th and 20th, 24th and 25th, 29th and 30th, 34th and 35th, and 39th and 40th minutes). The representative values of BF at each time were then averaged from four ultrasonography recordings, as previously mentioned. The proportion of CO distributed to the head and brain was calculated using the following equation: [ICA BF ϩ VA BF ϩ ECA BF] ϫ 2 (ml/min) Ϭ CO (ml/min) ϫ 100 (%).
Values are expressed as means Ϯ SD. Two-way repeated-measures ANOVA with the main factors of time (i.e., at baseline and each time period after starting exercise) and experimental day (i.e., Heat vs. Control) were used to identify differences in temperature, cardiorespiratory, and BF measurements between the Heat and Control conditions. A Bonferroni collection post hoc test was used to determine differences when a significant interaction or main effect was identified after ANOVA. Pearson's product moment was used for correlation analyses in each individual subject. SPSS (version 19.0; IBM, Tokyo, Japan) software was used to perform statistical analyses. The level of significance was set at P Ͻ 0.05.
RESULTS
Subjects' body mass declined by 1.52 Ϯ 0.13 kg (Ϫ2.2 Ϯ 0.2% weight) after the Heat condition and by 1.13 Ϯ 0.12 kg (Ϫ1.6 Ϯ 0.2% weight) after the Control condition. Temperature and cardiorespiratory values at baseline and during exercise with and without heat stress are presented in Table 1 . T r increased gradually in both conditions with time of exercise, and a significant difference was observed between the condi- at the end of exercise without and with heat stress, respectively. V E was significantly higher at the end of exercise in Heat than in Control (P ϭ 0.003). PET CO 2 increased slightly 10 min after starting exercise, and subsequently decreased over time in both conditions. In Heat, PET CO 2 was significantly lower at the end of exercise than it was at baseline (Ϫ4.0 Ϯ 3.6 mmHg, P ϭ 0.001), and it was significantly lower in Heat than in Control (P ϭ 0.009). CO was well maintained throughout exercise in Control. In contrast, CO in Heat decreased from 17.8 Ϯ 2.7 l/min (260 Ϯ 25%) at 10 min to 15.7 Ϯ 2.5 l/min (230 Ϯ 36%) at 40 min (P Ͻ 0.05). Similarly, in Heat, SV decreased from 118 Ϯ 18 ml at 10 min to a final value of 91 Ϯ 19 ml (P Ͻ 0.05), and was significantly lower at 30 and 40 min compared with Control (P Ͻ 0.05). During exercise in both conditions, HR gradually increased, and a significant difference between conditions was observed during exercise (P Ͻ 0.05). MAP was well maintained during exercise in both conditions, thus there was no significant difference between the conditions. At baseline, forehead CVC was already higher in Heat than in Control (P Ͻ 0.01). The difference in forehead CVC between conditions was persisted until the end of exercise (P Ͻ 0.01). Table 2 shows changes in BF and COND of the ICA, VA, ECA, and CCA and the MCA V mean during both exercise conditions. ICA BF increased significantly from the baseline to 10 min in both conditions (P Ͻ 0.05). In Control, thereafter this higher ICA BF was maintained throughout exercise, whereas in Heat, ICA BF was gradually decreased to the baseline value. However, there was no significant difference in ICA BF between the conditions. In Control, ICA COND was unchanged throughout exercise, although ICA COND gradually decreased throughout exercise in Heat; ICA COND at 40 min was significantly lower than the baseline (P ϭ 0.01). The response of VA BF in both conditions was the same as ICA BF, and there was no significant difference in VA BF between conditions. However, in contrast to ICA COND, VA COND was well maintained throughout exercise in Heat. During exercise in both conditions, ECA BF increased gradually and reached a peak at the end of exercise. ECA BF was significantly higher in Heat than in Control at all exercise time points (P Ͻ 0.05). Similarly, ECA COND increased significantly during exercise in both conditions (P Ͻ 0.01), and the increase in ECA COND was significantly higher in Heat compared with Control (P Ͻ 0.01). In Heat, CCA BF increased significantly (P Ͻ 0.05) and reached a peak at 20 min. In Control, CCA BF increased gradually and reached a peak at the end of exercise. CCA COND increased significantly during exercise in Heat (P Ͻ 0.05) but not in Control. CCA BF and COND were significantly higher in Heat compared with Control (P Ͻ 0.05). Similarly, with changes in ICA BF, MCA V mean in the both conditions increased above the baseline value 10 min after starting exercise (P Ͻ 0.05). Thereafter, it decreased gradually in Heat only, and MCA V mean was significantly lower in Heat than in Control at the end of exercise (P Ͻ 0.05). Also, MCA COND at the end of exercise in Heat was significantly lower than the baseline value (P Ͻ 0.05), but MCA COND was unchanged throughout exercise in Control. Figure 1 shows the relationship between changes in PET CO 2 2 (Fig. 1, A-C) , CO (Fig. 1, D-F), MAP (Fig. 1, G-I) , and ECA BF (Fig. 1, J and K) and each BF. These relationships are expressed as plots of mean values (seven time periods during exercise) with regression analysis. Furthermore, correlation coefficients of regression analysis were calculated for each subject and then all individual correlation coefficients were averaged (means Ϯ SD). In this study, we defined that instances of averaged r Ͼ |0.70| were considered to be important and meaningful relationships, and regression lines were drawn even though data for some subjects did not reach the significance level. All subjects showed significant correlations between PET CO 2 and ICA BF (r ϭ 0.84 Ϯ 0.06, P Ͻ 0.05, Fig. 1A ) and between CO and VA BF (r ϭ 0.87 Ϯ 0.07, P Ͻ 0.05, Fig.  1E ) in Heat. There was high (Ͼ|0.70|) correlation between PET CO 2 and VA BF (r ϭ 0.71 Ϯ 0.20, Fig. 1B ), CO and ICA BF (r ϭ 0.75 Ϯ 0.10, Fig. 1D ), MAP and VA BF (r ϭ 0.81 Ϯ 0.19, Fig. 1H ), and ECA BF and ICA BF (r ϭ Ϫ0.72 Ϯ 0.13, Fig. 1J ) in Heat, although not all data for every subject reached the significance level.
In Heat, individual change in ECA BF from onset of exercise (10 min) to end of exercise (40 min) was negatively correlated with the change in ICA BF (r ϭ Ϫ0.76, P Ͻ 0.05, Fig. 2A ). However, there was no significant correlation be- . Furthermore, correlation coefficients were calculated for each subject and then averaged (means Ϯ SD). In this study, we considered that instances of averaged r Ͼ |0.70| were important and meaningful relationships, and dotted regression lines were drawn even though data for some subjects did not reach the significance level. Solid regression lines were drawn for items for which all subjects showed statistically significant correlations (P Ͻ 0.05). H, exercise with heat stress; C, control exercise; ICA, internal carotid artery; VA, vertebral artery; ECA, external carotid artery; PETCO 2 , end-tidal partial pressure of CO2. Data are presented as a means Ϯ SD.
tween ECA BF and ICA BF in Control, and ECA BF and VA BF in either condition (Fig. 2B) . Exercise increased CO, but the distribution of CO to BF at the head and brain arteries decreased significantly during exercise in both conditions (P Ͻ 0.05, Fig. 3 ). This value was significantly higher in Heat compared with Control throughout exercise (P Ͻ 0.05) because of the large increase in ECA BF. Figure 4 shows the change in ECA BF associated with T r , T sk , and forehead CVC. Higher T r caused an exponential increase in ECA BF in both conditions (Fig. 3A) . Exercise with heat stress shifted an upward change in the ECA BF curve associated with T r . During Heat, ECA BF was higher than during Control at the same T r . ECA BF increased in accordance with increases in T sk (Fig. 4B ) and forehead CVC (Fig. 4C ) in both conditions.
DISCUSSION
The present study is the first to assess BF in the head, anterior, and posterior cerebral arteries during exercise with heat stress. The results of the present study suggest that heat stress resulted in an altered cerebrovascular response to dynamic exercise and a consequent modification in the BF distribution in head and brain arteries during exercise. Additionally, the reduction in ICA BF during exercise with heat stress is partly associated with a large increase in ECA BF along with a decline in PET CO 2 , whereas VA BF was affected by a change in CO.
Some previous studies have investigated the CBF response to exercise with heat stress; however, they identified only anterior CBF (16, 36) . Although ICA and VA BF at the end of heat stress exercise were not significantly lower than that during Control exercise (Table 2) , both ICA and VA BF were gradually decreased to less than baseline values, whereas those in the Control exercise condition were well maintained. These findings suggest that heat stress alters the cerebrovascular response and consequently modifies distribution of BF in the arteries of the brain during dynamic exercise. In previous studies, a decrease in anterior CBF can be compensated by increased oxygen extraction, which subsequently preserves cerebral metabolism (17, 36) . Nevertheless, it remains unknown whether the regional cerebral metabolism of the posterior brain area is maintained during exercise with heat stress.
Importantly, VA COND was well maintained throughout exercise with heat stress although ICA COND decreased significantly from the baseline value (Table 2) . These different cerebrovascular responses between ICA and VA may be due to differences in regional neurometabolic demand between cerebral territories covered by the ICA and VA (2) . In a previous animal study, Delp et al. (2) reported that COND in the cortical areas (covered by ICA) showed more decrease to maximal exercise than that in the brain stem, spinal cord, and cerebellum (covered by VA) (2) . In addition, Nunnely et al. (13) demonstrated that significant increases in regional brain metabolism were observed under passive hyperthermia in the hypothalamus, thalamus, and cerebellum. Therefore, COND at each cerebral artery is determined by regional differences in cerebrovascular responses associated with metabolic demand and temperature regulation. However, in the present study, BF redistribution in the brain arteriole is unclear.
In this study, change in ICA and VA BF were associated with that of PET CO 2 during exercise with heat stress, but these relationships were not observed during control exercise (Fig. 1,  A and B) . These findings suggest that the reduced ICA and VA BF during exercise with heat stress partly attributes to hyperventilation-induced hypocapnia because of an enhanced CO 2 reactivity by heat stress exercise and passive hyperthermia (24, 25) . In addition, there was high correlation between ECA BF and ICA BF (r ϭ Ϫ0.72 Ϯ 0.13, Fig. 1J ) during heat stress exercise, although data for four of nine subjects did not reach the significance level. Furthermore, the individual change in ECA BF from onset of exercise (10 min) to end of exercise (40 min) was also negatively correlated with the change in ICA BF in heat stress exercise (r ϭ Ϫ0.76, P Ͻ 0.05, Fig. 2A ). These data indicate that BF is redistributed from the anterior cerebral to the extracranial circulation. In contrast, previous studies of passive hyperthermia have demonstrated that the increase in ECA BF might not be a primary factor for reduced intracranial CBF (1, 23) . One reason for this discrepancy may be the degree of ECA BF elevation. Indeed, exercise with heat stress resulted in higher ECA BF (540 ml/min) than during passive heat stress (ϳ400 ml/min) (1, 23) . Moreover, the proportion of CO to the head and brain decreased from the baseline to exercise with and without heat stress (Fig. 3) . This possibly reflects a marked increase in perfusion of the active skeletal muscles (5, 26 -29) . Exercise under hyperthermia, but not passive heat stress, causes competition among the exercising muscles, skin compartments, and brain for available systemic circulation (5, 26, 27, 29) . Of particular note, in contrast to ICA, there was no relationship between ECA BF and VA BF, indicating that anatomical factors contributed to the difference between ICA and VA. However, further research is required to test the hypothesis of whether ECA "steals" BF from the ICA during hyperthermic exercise. Unfortunately, the present study did not manipulate ECA BF during exercise, and thus we did not directly test this hypothesis. In this study, heat stress resulted in modified VA BF during exercise. It is well known that heat stress modifies distribution of BF toward cutaneous circulation, and this modification might lead to a reduction in cardiac preload, SV, and CO, and therefore a reduction in VA BF and ICA BF during exercise (21, 22, 26 -29) . Importantly, the relationship between changes in CO or MAP and VA BF is likely stronger than that of the ICA (Fig. 1, E and H ); yet these relationships were not observed in ECA BF.
Interestingly, ECA BF with respect to T r during exercise in heat stress moves upward from that during control exercise (Fig. 4A) , indicating that during heat stress exercise, ECA BF is higher than that during control exercise at the same T r . This difference is attributable to a large increase in forehead CVC during heat stress exercise caused by elevated local and internal temperatures (Fig. 4, B and C) . A previous study of humans also observed a strong correlation between increases in ECA BF and internal jugular temperature during prolonged exercise in heat (36) . Taken together, these findings indicate that ECA BF during exercise is influenced by local and internal temperature (1, 3, 23, 36) . The blood supply to the extracranial circulation (i.e., ECA BF) may be an important pathway by which heat is locally dissipated for regulating temperature of the face and head (1, 23, 30, 31, 36) . On the other hand, it has been reported that heat removal from the brain is primary facilitated by CBF (18) . The distribution of CO to the head was ϳ2.5% higher during Heat than that during Control (Fig. 3) . This difference is attributable to a large increase in the ECA BF with a reduced CO during heat stress exercise.
The present study has several limitations. Each exercise condition was performed twice to evaluate the BF of four neck arteries. Unfortunately, it was difficult to simultaneously measure BF in the ICA and ECA even contralaterally because of technical limitations (i.e., the ultrasonic interference and limited probe space) (31, 32) , although simultaneous measurement of ICA and ECA BF was the most suitable method considering our study purpose. In addition, because exercise was stopped at 40 min in both conditions, it was difficult to further assess extracranial circulation or CBF at hyperthermia and exhaustion. Exercise was stopped at these time points to prevent body and respiratory movement during exhaustion exercise from affecting the ultrasonic measurement of BF. The model-flowderived CO underestimated thermodilution-derived CO during passive heat stress at rest (34) . Therefore, the relative change in CO from baseline was used for the regression because it has been confirmed to be validated during exercise (35) . V O 2 did not differ between the conditions. However, V O 2peak does decrease under heat conditions (27) (28) (29) , and in such a case, exercise performed in heat at a relatively higher intensity may cause excessive cardiorespiratory and BF responses compared with control conditions. Finally, we recognize that pre-exercise diet and hydration status could affect cardiovascular responses during exercise (37), yet we did not restrict food before experiments, and this may be a limitation of the study.
In summary, heat stress resulted in an altered cerebrovascular response to dynamic exercise and consequently led to modified BF distribution in head and brain arteries during exercise. Furthermore, a decrease in ICA BF appears to be partly related to a large increase in ECA BF along with a 
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CBF Distribution during Hyperthermic Exercise • Sato K et al. reduction in PET CO 2 while decrease in VA BF is associated with a reduction in CO.
